Introduction
Cytotoxic T lymphocytes (CTL) play a key role in the control of chronic HIV-1 and simian immunodeficiency virus infections [1] [2] [3] . HIV-1-specific CD8 + T cells in acute infection appear to be uniquely able to efficiently suppress viral replication and force escape mutations [4] , whereas CD8 + T-cell responses generated in the chronic infection often lack this capacity [5] . Multiple strategies to achieve optimal immune control of HIV-1 infection in the absence of cART have been evaluated, including a wide range of therapeutic T-cell vaccines [6] [7] [8] [9] [10] [11] . The largest, although still suboptimal, clinical effect demonstrated to date by active vaccination was obtained by transfer of antigen-pulsed autologous dendritic cells, which resulted in a 10-fold, but only transient reduction in the viral set-point after treatment discontinuation [12] .
The failures of past therapeutic vaccines to control HIV-1 replication in the absence of cART might have been caused by suboptimal specificity and limited breadth of vaccine-induced T-cell responses, due to either inadequate immunogen design, its delivery strategy or both [13] . In particular, inclusion of full-length HIV-1 proteins in vaccine immunogens may drive CTL responses towards immunodominant, but often variable and therefore non-protective 'decoy' epitopes similar to those elicited by natural HIV-1 infection [14] . Thus, some groups have refined immunogen design by selecting protein segments able to focus T-cell immunodominance towards more beneficial and conserved determinants [15] [16] [17] in order to tackle HIV-1 viral diversity and escape [18] [19] [20] [21] [22] and circumvent the effect of host-genetics in natural response to HIV-1 [23] (reviewed in [1] ).
The HIVconsv T-cell immunogen was constructed by assembling 14 regions that are highly conserved among the four major HIV-1 clades A, B, C and D into one chimeric protein based on alternating clade consensus sequences [19] . The HIVconsv immunogen delivered by combined plasmid DNA, non-replicating simian adenovirus and non-replicating poxvirus MVA regimens was tested in European and African trials in HIV-1-negative adult volunteers, and demonstrated a good safety profile and induction of high frequencies of CD8 + T cells capable of strong in vitro HIV-1 inhibition [22, 24, 25] , especially when compared to those reported in the STEP [26] and RV144 [27] studies. For the HIVconsv delivery, modified simian (chimpanzee) adenovirus serotype 63 (ChAdV-63) was chosen for its low pre-existing seroprevalence in human subjects [28] , thus avoiding limitations associated with some of the human adenovirus vectored vaccines [29, 30] . MVA was chosen as the subsequent boost vaccination, since poxviruses were shown to strongly boost existing CD8 + T-cell responses [31] .
Several studies demonstrated that early cART in acute/recent HIV-1 infection improved immune recovery [32, 33] , reduced the incidence of AIDS and non-AIDS-related diseases [34] , restricted immune escape [35] and limited the size of latent reservoir [36] [37] [38] [39] . However, recent clinical examples suggested that in the absence of a targeted immune therapy, HIV-1 could rebound even from an undetectable and/or very low-level viral reservoir: the "Mississippi baby" [40, 41] , and individuals treated in Fiebig I from the SEARCH 010/RV254 Acute HIV Infection cohort [42] . Thus, future HIV-1 cure approaches are likely to require a potent T-cell vaccine component [43] that is able to stimulate CTL responses capable of eliminating early cells, in which the virus is reactivated [44] , thereby containing viral rebound after treatment interruption.
The BCN 01 trial evaluated for the first time the safety and immunogenicity of a heterologous prime/boost regimen of the ChAdV63. HIVconsv and MVA.HIVconsv vaccines in a cohort of 24 individuals, who were diagnosed with well-documented acute/recent HIV-1 infection and were treated immediately with cART including Tenofovir/ Emtricitabine/Raltegravir. In this population, we demonstrate a marked shift in immunodominance profiles of HIV-1-specific T-cell responses towards conserved T-cell epitopes, along with high in vitro viral inhibition capacity without signs of immune exhaustion. These findings may prove critical for future successful combination 'kick and kill' eradication strategies [44] [45] [46] .
Methods

Trial Design and Study Participants
Trial BCN 01 was a phase I, open-label, non-randomized, multicenter prime/boost therapeutic vaccination study in acute and recently HIV-1-infected individuals to evaluate the safety and immunogenicity of a vaccination regimen of the ChAdV63.HIVconsv and MVA.HIVconsv vaccines using two intervals between the prime and boost. Study participants were recruited at two HIV-1 units (Fundació Lluita contra la Sida at Hospital Universitari Germans Trias i Pujol, Badalona and Hospital Clínic, Barcelona). Individuals with confirmed acute/recent HIV-1 infection (b6 months from estimated HIV-1 acquisition), who fulfilled all eligibility criteria, were enrolled and started on cART with an INSTIbased regimen (Tenofovir/Emtricitabine plus Raltegravir). Complete list of inclusion/exclusion criteria is available at NCT01712425. Patients were sequentially allocated into the Long arm first (the first participants 1-12) followed by the Short (participants 13-24) arm later. These two arms had a 24-or 8-week interval between the ChAdV63.HIVconsv prime and MVA.HIVconsv boost administrations in the Long and Short arm, respectively, and were chosen to assess whether or not the MVA. HIVconsv boost given 24 weeks after the ChAdV63.HIVconsv vaccine instead of the previously reported 8-week interval [25] was able to induce higher and/or longer-lasting HIVconsv-specific responses. The rational for this is that ChAd vaccines may persist for longer period of time compared to other (viral) vectored vaccines and could thus induce a more robust memory T cell responses. Sequential recruitment was performed to reduce the total duration of the trial and ensure that participants were suppressed for a similar period of time when entering into future roll-over study BCN 02-Romi (NCT02616874) involving analytical cART interruption. An amendment was approved to enroll 24 additional individuals who commenced the same cART regimen and were followed for 60 weeks, but did not receive any vaccine (Controls). This group was only introduced to address potential differences in viral reservoir decay between any of the two vaccination arms and the natural decay of the 1st year of INSTI-based cART when started at acute/recent stages of HIV-1 infection. No safety or immunological analyses were conducted in the control arm as HIV-1-specific T-cell responses were expected to contract once cART mediated viral suppression was achieved. Flow chart of the study design and patient disposition is depicted in Fig. 1a , and the chronogram of the study is shown in Fig. 1b .
Criteria for documented acute and recent infection included plasma HIV-1 RNA with Ab (EIA) negativity, Gag p24 antigen assay positivity, an indeterminate Western immunoblot signal or the absence of p31 band in a positive Western blot. Days since estimated HIV-1 acquisition and Fiebig staging at treatment initiation time point were defined according to the time since known exposure, acute antiretroviral syndrome and/or results of clinical laboratory tests at the time of HIV-1 diagnosis [47] .
The study protocol as well as patient information sheet and consent forms were discussed, reviewed and approved by the Community Advisory Committee of the HIVACAT program. All patients provided written informed consent before enrolment. The study was approved by the institutional ethical review board of both Hospital Universitari Germans 
Procedures
Vaccinations started after 6 months on stable cART and with plasma virus load (pVL) b 50 copies/mL (week 24 of trial = C 0 ). The ChAdV63. HIVconsv and MVA.HIVconsv vaccines were GMP manufactured at the Clinical Biomanufacturing Facility, University of Oxford, UK and IDT Biologika GmbH, Germany, respectively [19, 24, 48] . All vaccines were stored below − 65°C until use. Vaccines were thawed no more than 30 min prior to injection. Vaccination with 5 × 10 [10] virus particles (vp) of ChAdV63.HIVconsv at week 0 (C 0 ) was followed by 2 × 10 [8] plaque-forming units (PFU) of MVA.HIVconsv at weeks 24 or 8 (M 0 ). Vaccines were administered by intramuscular needle injection into the deltoid region of both arms (each dose was divided between two arms). The study entailed a total of 24 weeks of clinical and laboratory follow-up after the last vaccination. Visits at 1, 4, 12 and 24 weeks after MVA.HIVconsv boost are designated M 1 , M 4 , M 12 and M 24 , respectively. Antiretroviral treatment was maintained during the trial in all 48 individuals.
Outcomes
The primary objective of the study was to evaluate the safety of ChAdV63.HIVconsv and MVA.HIVconsv vaccines administered sequentially in a heterologous prime-boost regimen with two intervals to HIV-1-positive adults. Local and systemic events were solicited prospectively for a minimum of 7 days following each immunization. Both local and systemic events were graded according to NIH Division of AIDS. Adverse Events (AEs) were specified as unrelated, unlikely, probably or definitely related to the vaccination.
Secondary endpoints included several immunological and virological readouts. Total HIV-1 and HIVconsv-specific T cells were assessed using cryopreserved peripheral blood mononuclear cells (PBMC) obtained at week 0 as baseline (BL: at day of cART initiation); week 24 (C 0 : pVL b 50 copies/mL, before vaccination); weeks 1 and 4 after ChAdV63. Data previously generated from cART-suppressed individuals treated during chronic HIV-1 infection [49] and from a longitudinal observational cohort of elite and viremic controller individuals (EO-09-042) were used for comparison of CD8 + T-cell antiviral activity from early cART-treated BCN 01 participants. Elite and viremic controller individuals were defined as individuals with sustained levels of pVL b50 or b2000 copies/mL, respectively, for more than 10 years in the absence of cART. Total CD8-depleted cells from day 0 and CD4-enriched fraction from day 3 were stained for the exhaustion marker PD-1 using mAb conjugated to PE (BioLegend).
To quantify the size of the peripheral blood proviral reservoir, lysed extracts from 2.5 × 10 6 CD4 + T cells were used to measure total cellassociated HIV-1 DNA by ddPCR with primers and probes binding within 5′-LTR and Gag [50] . The RPP30 cellular gene was quantified in parallel to normalize sample input [39, 50, 51] .
To evaluate HIV-1 RNA below 40 copies/mL, 4-8 mL of plasma samples were ultracentrifugated at 170,000g at 4°C for 30 min before quantification using the Abbott Real-Time HIV-1 assay (Abbott Molecular Inc.). Serial dilutions of a positive control down to 5 HIV-1 RNA copies/mL were used as a standard curve to calculate quantitative values from raw qPCR 51 C T data [39] .
Statistical Analysis
Trial BCN 01 was an exploratory pilot study and, because of the small sample size of the study, was not powered to detect significant differences between arms and only allowed to detect trends in safety, immunological and virological effects, which collectively inform the design of future studies. The safety endpoints were described in the Long and Short arms and summarized by the number and percentage of AEs and their grading. Immunogenicity endpoints were described in the Long and Short arms. The minimum breadth of the T-cell response was estimated as the number of peptide pools eliciting a positive response. The total frequency of HIV-1-specific IFN-γ + T cells was calculated as the sum of the SFU/10 6 PBMC stimulated with individual peptide pools. Differences in the breadth and frequency of the HIV-1-specific responses and virologic determinations between two longitudinal determinations in the same individual were assessed using a Wilcoxon signed-rank test. Differences between groups were compared using a Mann-Whitney U-test or Kruskal-Wallis, ANOVA tests as indicated. Only the reservoir measurement (proviral DNA) was performed in the Control arm. Correlations between the HIV-1-specific responses, proviral DNA and clinical parameters were performed using non-parametric Spearman's rank correlation. Missing data due to technical problems were censored from the analysis, and no imputation techniques were used. Censored matched pairs of ultrasensitive viral load were analyzed using the paired Prentice-Wilcoxon test. Statistical significance was set at 5% for all the univariate tests. The analyses were performed with R (v3.0.2) and GraphPad Prism (v5.01) for Mac OS X (San Diego, CA). Flow data were analyzed using FlowJo software.
Results
Participants Enrolled in the Study
Between October 5, 2012 and April 15, 2013, 27 acute/early HIV-1-infected individuals were sequentially enrolled into the Long and Short arms of BCN 01. Three participants withdrew consent before vaccinations due to suboptimal compliance expectations for follow-up visits or reasons unrelated to the trial. Between May 27, 2013 and April 10, 2014 individuals were enrolled into the no-vaccine arm (Fig. 1b) . Recruitment into the BCN 01 trial was enhanced by an intensified MSM testing campaign, which resulted in a gradually earlierdiagnosed and younger population over the recruitment periods. All the 48 participants showed over 99% visit adherence and all completed the study. Study participants' demographics are given in Table 1 . Plasma viral loads b 50 copies/mL were reached within median of 12 weeks in all groups as expected for an integrase inhibitor-based regimen (INSTI) (Fig. 2a) . Baseline CD4 + T-cell counts (Fig. 2b) and CD4 + / CD8 + T-cell ratio (Fig. 2c) significantly increased during the trial during the first year of cART. There was a tendency in older individuals towards lower CD4 + T-cell counts at baseline (Spearman r = −0.27; p = 0.06) and poorer CD4 + T-cell recovery over the first 60 weeks after treatment initiation (Spearman r = −0.24; p = 0.09) (Appendix Fig. 1 ).
3.2. Both ChAdV63.HIVconsv and MVA.HIVconsv vaccines were safe and well tolerated
All 24 subjects from the Long and Short arms were included in the safety analysis. Overall, the vaccines were well tolerated. One participant experienced a severe adverse event (SAE) prior to the administration of the ChAdV63.HIVconsv vaccine (acute pancreatitis requiring hospitalization). No other serious adverse reactions or suspected unexpected adverse reactions occurred during the study. A total of 334 AE were recorded during the study (182 in the Long Arm and 152 in the Short Arm, Chi-square, p = 0.25), the majority of which (300, 90%) were mild or moderate (Grade 1-2). The number of AEs per patient was not significantly different between the Long and Short vaccination Arm (Chi-square, p = 0.590).
The summary of local and systemic AEs related to vaccination is shown in Table 2 . Local and systemic events after vaccination occurred in 22/24 individuals. Peak of reactogenicity was observed at 24-48 h after vaccination and resolved spontaneously within 3 days. The most frequently reported local reactogenicity AE was a Grade-1 pain reported in both the Long and Short arms, and more frequently reported after the MVA.HIVconsv vaccination than after the ChAdV63.HIVconsv. The most frequently reported systemic reactogenicity event was malaise. As for laboratory abnormalities, no Grade 3 or 4 abnormalities were observed in the performed hematological and biochemical tests (data not shown). Overall, the vaccines were safe and consistent with safety and tolerability data previously observed in HIV-1-negative volunteers [22, 25] .
ChAdV63.HIVconsv-MVA.HIVconsv regimen induced high frequencies of T cells against conserved regions of HIV-1 in all vaccine recipients
Peptide pools P1-P6 covering the HIVconsv immunogen (778 amino acids) contained 15-mer peptides overlapping by 11 amino acids (Fig. 3a) . Out of the 8 time points analyzed for each vaccine recipient (total of 192 time points), 4 samples (2% of evaluated samples) were censored due to low positive controls and/or high background. T-cells to the HIVconsv immunogen of median (range) frequency of 286 (55-2,640) SFU/10 6 PBMC were detected in 50% of study participants in the Long (Fig. 3b) and Short (Fig. 3c ) arms equally at HIV-1 diagnosis and before cART (BL). Individuals with and without HIVconsv preexisting responses did not differ in duration with untreated infection or pre-cART viremia. All HIV-1-specific T cells were significantly reduced after initiation of cART and viral suppression to frequencies of median of 75 (0-476) SFU/10 6 PBMC (BL vs C 0 ; Wilcoxon signed-rank, p = 0.0173) . All vaccine recipients completed ChAdV63.HIVconsv-MVA.HIVconsv immunizations and all 24 (100%) showed an absolute increase in HIVconsv-specific IFN-γ-producing T cells during the study; in 15 individuals (63%) showed increase already after
ChAdV63.HIVconsv and the remaining 9 individuals (37%) after MVA.
HIVconsv. There was no difference between the Long and Short arms, whereby 8 and 7 subjects responded to ChAdV63.HIVconsv, and 4 and 5 responded only after MVA.HIVconsv, respectively. For all individuals, the peak of total T-cell frequencies (sum of frequencies to HIVconsv P1-P6 pools) was detected after MVA.HIVconsv. Individuals in the Long arm showed a tendency towards reaching peak responses more slowly than subjects in the Short Arm with 2 vs 6 individuals peaking at 1 week (M 1 ) and 9 vs 6 individuals peaking at 4 weeks after MVA. HIVconsv (M 4 ), respectively (Chi-square, p = 0.08). Altogether, median (range) total peak total frequencies of HIVconsv-specific T cells reached 938 (73-6,805) SFU/10 6 PBMC, which represented an absolute increase in the frequencies of 750 (124-1,948) and 1,015 (73-6,535) SFU/10 6 PBMC from the time point before vaccination (C 0 ) in the Long and Short arm, respectively (Wilcoxon signed-rank, p b 0.0001) (Fig. 3d) .
The longevity of vaccine-elicited responses was not statistically different between the Long and Short Arms as frequencies of total HIVconsv-specific T cells were 390 (60-1,701) and 140 (0-1,567) SFU/ 10 6 PBMC at 24 weeks after the MVA.HIVconsv administration in these arms (M 24 ), respectively (Fig. 3e) .
ChAdV63.HIVconsv-MVA.HIVconsv vaccination elicited responses to multiple epitopes within the HIVconsv immunogen
Effector CD8 + T-cell recognition of multiple conserved epitopes will likely be one of the key features of a successful HIV-1 vaccine. Vaccine recipients responded to median (range) of 4 [1] [2] [3] [4] [5] [6] peptide pools out of 6 vaccine peptide pools P1-P6 (Appendix Fig. 2 ). There was no significant difference in the specific T-cell frequencies for the different pools (ANOVA test, p = 0.3211, Fig. 4a ), indicating balanced and polyspecific vaccine-induced responses across the HIVconsv immunogen. Most (83%) of the HIVconsv peptide pool-specific T cells detected at peak immunogenicity were considered de novo responses as they were not detectable before cART initiation (BL), when high levels of plasma viremia were present. This was the case for peptide pools P4-P6 (Fig. 4b) , which covered the conserved regions of polymerase, integrase, Vif, and Env gp41 and gp120 regions included in the HIVconsv immunogen. The highest proportion of pre-vaccination responses was directed against pool P1 covering partial Gag sequences (Fig. 4b) . (Fig. 4c) .
ChAdV63.HIVconsv-MVA.HIVconsv vaccination shifts immunodominance T-cell patterns towards conserved regions of the HIV-1 proteome without induction of responses against junctional regions
Next, we assessed whether or not the HIVconsv vaccinations led to a non-specific expansion of T cells targeting HIV-1 regions not present in the HIV-1 immunogen or T cells specific for unrelated co-pathogens. The non-HIVconsv HIV-1-specific responses referred to as the OUT peptide pools and those directed to the CEF peptide pool were determined in an IFN-γ ELISPOT assay. The dominance of HIVconsv-specific responses was calculated at each time point as the percentage of HIVconsv-specific T-cell frequencies divided by the total HIV-1 proteome-specific (HIVconsv + OUT) T-cell frequencies. A significant reduction in total HIV-1-specific T cells after viral suppression by cART and elimination of HIV-1 antigenemia was observed (Wilcoxon signed-rank, p b 0.001 at C 0 (Fig. 5a ). No expansion of T cells targeting HIV-1 regions outside of the immunogen was noted over the vaccination time points, indicating that the vaccines selectively expanded HIVconsv-specific T cells. An effective shift of response patterns towards conserved T-cell epitopes reached its peak after the MVA.HIVconsv vaccination with median (range) of 58% (7%-100%) of the total anti-HIV-1 immune responses. Despite some decay of vaccine-elicited T-cell frequencies, this focus was maintained over time and was still 33% (0%-100%) of all detectable HIV-1 responses 24 weeks after the last vaccination (M 24 ) (Fig. 5b) . Similarly, no increases in the frequency of responses to the CEF peptides were observed over the vaccination time points (Fig. 5c) .
Additionally, we determined the immunogenicity of potential junctional neo-epitopes located across the adjacent segment junctions of the HIVconsv immunogen [19] by comparing response rates to two sets of peptide pools with and without junctional peptides. In contrast to what was observed in an HIV-1-negative cohort where~20% of induced responses were specific for junctions [24] , responses to both sets of peptide pools were of comparable frequency all individuals (Fig. 5d) , indicating that responses against junctional regions were minimal if induced at all.
Early cART preserves antiviral function of CD8 + T cells and might contribute to an efficacious vaccine response
To determine CD8 + T-cell mediated viral inhibitory capacity against HIV-1 BaL and IIIB isolates at different CD8:CD4 ratios (E:T = 1:1, 1:2 and 1:10), longitudinal cryopreserved-and-thawed samples obtained at 6 months on stable cART and just before vaccination (C 0 ), at the peak of vaccine-induced immunogenicity (M 1 or M 4, collectively M peak ) and at the end of trial in all individuals from the Long and Short arms (M 24 ) were used in in vitro viral replication inhibition assays. Data previously generated from individuals virologically suppressed, who were treated during chronic HIV-1 infection [49] and from eight long-term controller individuals were used for comparison with the CD8 + T-cell antiviral activity from early-cART-treated BCN 01
participants. CD8 + T-cell viral inhibition of the BaL virus was higher in vaccinated individuals at C 0 at median (range) of 68% (37-87%) viral inhibition when compared to the same day levels described in individuals treated during chronic HIV-1 infection (median 20%, Mann-Whitney Utest, p b 0.0001) and closer to levels observed in cohorts of elite and viremic controllers (median 84%, Mann-Whitney U-test, p = 0.0074, Fig. 6a ). This high suppressive capacity was maintained during the entire vaccination period, was also observed at lower E:T ratios and was confirmed with both 2 clade B viruses tested (Fig. 6b) . In line with an effective antiviral T-cell response, the levels of the PD-1 exhaustion markers on total CD8 + T cells were maintained at low levels throughout the study period with median (range) of 23% (10-45%) of CD8 + T cells suggesting that early cART initiation might preserve CD8 + T-cell function and consequently allow for an effective vaccine response (Fig. 6c) .
Early cART, but not HIVconsv vaccination limits the size of latent viral reservoir
To determine whether vaccine-induced immune activation resulted in an increased HIV-1 replication despite cART, pVL was measured just prior to and at 1 week after the MVA.HIVconsv administration (M 0 and M 1 ) in all vaccinated subjects using both standard and ultrasensitive assays. Overall, 6 participants had plasma HIV-1 RNA "blips" of median (range) of 200 (37-119) RNA copies/mL, whereby 40 copies/mL is the detection limit, while on reported optimal cART adherence along the entire trial follow-up period (data not shown). Using the ultrasensitive pVL assay, plasma viremia was detectable in 92% of individuals at M 0 or M 1 (Fig. 7a) . We observed 8 patients with a 2-fold increase in ultrasensitive pVL 1 week after vaccination (M 1 ), but changes in the ultrasensitive pVL in the overall cohort were not statistically significant between the two tested time points (Fig. 7a) . In addition, there was no correlation between the frequencies of HIVconsv-specific IFN-γ-producing cells at peak and the detected increases in plasma viremia (Spearman r 0.3122, p = 0.1375; Fig. 7b) .
To determine the proportion of total circulating CD4 + T cells harboring proviral DNA and to identify potential changes in the viral reservoir size induced by vaccination, total HIV-1 DNA copies in purified PBMCderived CD4 + T cells were quantified longitudinally. Total HIV-1 DNA was measured just prior to vaccination when all subjects had achieved pVL b 50 copies/mL after 24 weeks under stable cART and at 12 and (Fig. 7c) . Peripheral blood CD4 + T-cell proviral reservoir showed similar decay kinetics in all groups. Overall, in the compiled BCN 01 cohort (n = 48), we observed median (range) of 342 (5.4-4,565) copies of HIV-1 DNA/10 6 CD4 + cells at 1 year after treatment initiation. These levels of proviral DNA were 3-fold lower than values in virally suppressed individuals who started cART during chronic HIV-1 infection (median of 1065 copies/10 6 CD4 + T cells) [49] . The proviral DNA decay was consistent with a decay over the first year of early initiated cART [50] , but was not further accelerated by the ChAdV63.HIVconsv-MVA. HIVconsv vaccinations (Fig. 7d) . Levels of proviral DNA in PBMC-derived CD4 + T cells measured at pre-vaccination (BL) and at the end of study (M 24 ) did not correlate with estimated days since HIV-1 acquisition to cART initiation and were not associated with either the HIVconsv-specific nor the total HIV-1-specific T-cell frequencies (data not shown). Overall, the frequency of CD4 + T cells harboring HIV-1 DNA correlated well with precART viremia in acute/recent infection (Spearman r = 0.54, p b 
Discussion
The present BCN 01 trial data show that a heterologous regimen using the ChAdV63.HIVconsv and MVA.HIVconsv vaccines in a cohort of early-treated individuals with acute or recent HIV-1 infection was a safe and effective strategy to shift the immunodominance of the total HIV-1-specific T-cell response towards conserved regions of HIV-1. Vaccination led to a marked and highly selective expansion of pre-existing as well as induction of new T-cell responses to HIVconsv, but failed to impact the size of the in vivo latent viral reservoir.
A successful therapeutic vaccination may ultimately be achieved by an optimal T-cell immunogen and the use of highly immunogenic vaccine vector or vector combination, which can refocus HIV-1-specific CTL response to vulnerable sites of the virus [15, [19] [20] [21] 52 ]. Here, we tested the immunogenicity of two heterologous prime-boost regimens with simian adenovirus and MVA-vectored vaccines expressing the first-generation conserved immunogen HIVconsv in a population of early-diagnosed and early-treated HIV-1-positive individuals in Barcelona, Catalonia, Spain. Overall, the vaccines were well tolerated with side effects limited to Grade 1 and 2, whereby most AEs judged to be related to the vaccination were transient and resolved spontaneously within 3 days. These data support the previously reported safety profile of the combined ChAdV63.HIVconsv and MVA. HIVconsv vaccination in HIV-1-negative individuals immunized with the same regimen [25] .
Our analyses show that T-cell responses to conserved regions of HIV-1 were sub-dominant in natural HIV-1 infection [53, 54] . Administration of HIVconsv vaccines was able to induce broad and potentially novel Tcell responses by strongly refocusing the HIV-1-specific T cells to conserved epitopes contained in the immunogen insert. These responses were of high frequency, although lower than vaccine responses seen in the HIV-1-negative individuals included in the earlier HIV-CORE 02 trial [24] . In the HIV-CORE 02 trial, median (range) frequency of HIVconsv-induced peak responses induced in the ChAdV63.HIVconsv-MVA.HIVconsv arm was 5150 (1475-16,510) SFC/10 6 PBMC 24 . However, it is important to note that HIV-CORE 02 used freshly isolated PBMC IFN-γ ELISPOT assays, which has been shown by reference labs and some of the co-authors using HIV-CORE 02 samples to lead to approximately 5-times higher frequency when compared to frozen-andthawed cells (Spearman r = 0.9156; P b 0.0001). Therefore, peak vaccine-induced T-cell levels observed in BCN 01 were comparable to those observed in HIV-1-negative individuals in HIV-CORE 02 and considerably stronger than responses reported in past therapeutic vaccine trials such as the ones using canarypox ALVAC-HIV vaccine [6] or homologous vaccinations with MVA-B [55] in chronically suppressed individuals. Thus, our data strongly suggest that potent heterologous primeboost vaccination regimens including an adenovirus-vectored prime as well as early cART initiation contribute critically to the effective refocus and boost of T-cell responses to relevant epitopes in BCN 01. Although limited by the non-randomized nature of the study and the small size of the clinical trial, we did not observe statistically separable differences in the frequency or breadth of induced responses, functionality or longevity between the longer and the shorter vaccination intervals. This does not exclude the possibility that larger, randomized trials may reveal some differences between different dosing intervals though, and that these differences could have a potential effect on viral control. The frequency and kinetics of CD8 + T cell activation during acute HIV-1 infection has recently been related to viral setpoint [4] , suggesting that early treatment initiation could help maintain necessary HIV-1-specific CD8 + T-cell responses associated with subsequent control of viremia. In line with this hypothesis, we observed also in our cohort a more marked immune restoration (normal CD4/CD8 T-cell ratios) [56] , a reduced expression of immune exhaustion markers and stronger CD8 + T-cell viral inhibitory capacity than those reported for individuals who started treatment in the chronic phase of HIV-1 infection [49] . Some or all these factors might have contributed to an increased immune responsiveness to the therapeutic vaccination strategy tested in this population.
Aside from the non-randomized nature of the trial, one potential caveat of the present study was that the relative contribution of HIVconsv vaccine-induced T cells to the total in vitro CD8 + T-cell inhibition activity could not be accurately estimated. Thus, although we document a strong refocus of the specificity of the T-cell response after vaccination, it remains unclear how much these responses added to the observed inhibition of viral replication in vitro. The increase in viral inhibition capacity could be limited due to the continuous presence of CD8 + T cells targeting non-protective epitopes, the existence of other vulnerable viral epitopes not covered by HIVconsv immunogen and/or insufficient T-cell help stimulation, which improved vaccine immunogen designs may overcome [15, 19, 21, 57] . On the other hand, it is likely that the vaccination contributed to the prolonged maintenance of responses able to suppress HIV-1 replication in vitro, which would have been gradually lost if no vaccine were administered. While in trial BCN 01, the nonvaccinated control arm could not be tested for antiviral activity, this scenario concurs with recently reported data from the London-based RIVER trial (NCT02336074 [58] ). In that trial, using the same vaccine combination along with vorinostat, the vaccinees maintained in vitro inhibitory activity over time whereas placebo controls showed indeed a progressive decay, suggesting that also in BCN 01, the vaccine was responsible for the continuously high levels of antiviral activity observed. Despite a strong expansion of T-cell responses to HIV-1, a prolonged maintenance of antiviral activity of these responses with vaccination and relatively low reservoir levels at the end of the trial [38, 59] , we did not observe a more pronounced reduction in the size of the HIV-1 reservoir associated with vaccination when compared to nonvaccinated individuals. Moreover, no differences in the viral reservoir decay dynamics between the longer and the shorter vaccination regimen were noted. This does not exclude however the possibility that more sensitive assays or larger, randomized trials and specially with longer follow-up could reveal differences between vaccinated and non-vaccinated individuals. However, the same was reported in other therapeutic vaccine trials, where less immunogenic regimens were tested in chronic cART-suppressed subjects [49, 55] . In that sense, the results may not be surprising as no latency reversing agent was administered in BCN-01 and vaccination did not induce robust signals of virus reactivation either. In addition, the effect of vaccine-induced T-cells on residual replicating cells in the tissue is unknown. Whether or not if effective, such elimination of HIV-1-producing cells in tissues would be detectable by reservoir analyses in the peripheral blood remains to be assessed.
Importantly, a change in T-cell immunodominance towards targets of interest would not occur if the vaccination regimen led to a broad, non-specific expansion of all HIV-1-specific T cells that existed before vaccination. We assessed this by measuring longitudinally T-cell responses to regions of HIV-1 that both were and were not covered by the HIVconsv immunogen, by documenting T cells to epitopes from unrelated viruses such as CMV, EBV and influenza virus as well as by determining potential responses to junctional regions of the HIVconsv chimeric protein. These analyses showed no signs of expansion of preexisting T-cell responses to HIV-1 regions not covered by the immunogen or of responses to other viral infections. Interestingly, a marked absence of responses to junctional regions contained in the HIVconsv sequence was also noted, which is in contrast to findings with the same vaccination regimen in HIV-1-uninfected subjects [24] and which may suggest that de novo responses may be primed differently in HIV-1-negative versus already HIV-1-positive individuals. Alternatively, another possible explanation could be that low-levels of HIVconsv immunogen-specific T-cell responses already existed at prevaccination time points in the already HIV-1-infected subjects and that vaccination expanded these responses rather than induced them de novo. Detailed T-cell receptor analyses on total T cells and epitopespecific populations will be needed to address this question. Nevertheless, regardless of whether vaccination induced de novo responses or expanded T cells from very subdominant populations, the results in BCN 01 document for the first time an impressive plasticity in the HIV-1-specific T-cell response patterns upon potent vaccination in early-treated individuals. Thus, and to the best of our knowledge, this is the first therapeutic HIV-1 vaccine trial able to demonstrate a shift in the immunodominance of the virus-specific T cells towards conserved regions of HIV-1 in a cohort of early-treated individuals. The data provide strong rationale for the further development of this vaccine strategy and incorporation of this regimen into future kick-andkill approaches to address whether or not these responses can control rebounding virus after cART interruption. 3) and at CROI 2016 meeting (Abstract Nr. 320). We especially thank Rafaela Ayen and Carmen Ligero for their technical assistance. We thank the operational support of Okairos on the management with ChAdV63 vaccines given under the clinical trial agreement. After acquisition of Okairos, GSK now co-owns the ChAdV63.HIVconsv vaccine and allowed the BCN 01 trial to be completed. Special thanks to all the volunteers participating in this study for their perseverance and dedication, without whom this trial would not have been possible.
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